could, in a multicellular organism, be controlled at the level of gene coexpression and protein colocalization, our results indicate that the intrinsic selectivity of PDZ domains is tuned across the mouse proteome to minimize cross-reactivity.
Finally, we observed only a weak correlation (correlation coefficient r = 0.23) between the pairwise sequence divergence of PDZ domains and their distances in selectivity space (Fig. 3H ). Similarity at the overall sequence level is thus a poor predictor of PDZ domain function. This low correlation suggests that most of the sequence variation among PDZ domains is neutral with respect to peptide-binding selectivity and that only a subset of residues-presumably in the binding pocket of the PDZ domain-is responsible for the distribution of PDZ domains in selectivity space. Research Tool (SMART) database (10, 11) currently lists 240 PDZ domains identified from the mouse genome sequence. We obtained sequence-verified clones for 203 of them. In addition, we cloned 18 PDZ domains that are listed only in the "normal" mode of the SMART database.
Each domain was purified in a single step from a large-scale bacterial culture, its purity was assessed by SDS-polyacrylamide gel electrophoresis ( fig. S1 ), and its aggregation state was assessed by analytical gel filtration (table S1) . Soluble protein of the correct molecular weight was obtained for 157 PDZ domains. Of these, 151 were monomeric, 4 were dimeric, and 2 were a mixture of monomers and dimers ( Here, we show that, in mice, less insulin receptor substrate-2 (Irs2) signaling throughout the body or just in the brain extended life span up to 18%. At 22 months of age, brain-specific Irs2 knockout mice were overweight, hyperinsulinemic, and glucose intolerant; however, compared with control mice, they were more active and displayed greater glucose oxidation, and during meals they displayed stable superoxide dismutase-2 concentrations in the hypothalamus. Thus, less Irs2 signaling in aging brains can promote healthy metabolism, attenuate meal-induced oxidative stress, and extend the life span of overweight and insulin-resistant mice.
R eaching old age in good health is not just good luck but the result of a favorable balance between hundreds of disease-causing and longevity-promoting genes; regardless, some common mechanisms that influence life span have emerged (1) . First, calorie restriction reliably increases animal longevity, and second, reduced insulin-like signaling extends life span in Caenorhabditis elegans and Drosophila melanogaster (2, 3). Calorie restriction and reduced insulin-like signaling might be linked because fasting reduces the intensity and duration of insulin secretion required for glucose homeostasis, and reduced insulin-like signaling promotes the expression of antioxidant enzymes that are associated with longevity (3) (4) (5) . Adapting these principles to humans is challenging because calorie restriction is difficult and because reduced insulin-like signaling can be associated with small stature, metabolic disease, and diabetes.
Insulin and insulin-like growth factor-1 (IGF1) bind to receptors on the surface of all cells that phosphorylate tyrosyl residues on the insulin receptor substrates (IRSs)-chico in Drosophila and Irs1, -2, -3, and -4 in mammals. This signaling cascade activates the phosphoinositide-3-kinase (Pik3C) and the thymoma viral proto-oncogene Akt, which regulates many cellular processes, including the inactivation of forkhead box O1 (FoxO1) transcription factor (6) . Reduced chico expression decreases brain and body growth while increasing life span up to 50%, which is related to the increased activity of dFOXO in Drosophila (7, 8) . In mice, the deletion of Irs1 reduces body growth and causes hyperinsulinemia, whereas the deletion of Irs2 (Irs2 −/− mice) reduces brain growth and causes fatal diabetes by 3 months of age because of pancreatic b cell failure (9) . By comparison, young (2-months-old) Irs2 +/− mice display normal metabolic phenotypes (10) . Old (22½-months-old) Irs2 +/− mice were slightly heavier than wild-type (WT) mice, although young and old WT and Irs2 +/− mice consumed the same amount of food each day (Fig. 1, A and B) . In addition, old Irs2 +/− mice were more insulin sensitive than old WT mice (Fig. 1C) because their fasting insulin and glucose concentrations were lower (fig. S1, A and B) .
Because insulin sensitivity is associated with longevity (3), we compared the life spans of WT and Irs2 +/− mice. Inspection of the results suggested that the date of birth (DOB), paternal (PID) and maternal (MID) identity, and sex influenced life span (table S1); therefore, we used semiparametric (Cox) and parametric regression to control the covariates and evaluate the effect of Irs2 (11) . Cox regression revealed a 48-fold (P < 10 −9 ) reduced risk of death for Irs2 +/− mice compared with WT controls (Fig. 1D and (Fig. 1D and table S4 ).
Irs2 is expressed throughout the body ( Fig.  2A ) and many regions of the brain, including the cerebrum, the cerebellum, and the arcuate and paraventricular nuclei of the hypothalamus ( fig.  S2) (12, 13) . Reduced insulin-like signaling in neurons increases the life span of C. elegans and Drosophila, so it is possible that reduced neuronal Irs2 could extend mouse life span (3, 14, 15) . To test this hypothesis, we deleted one (bIrs2 +/− ) or both (bIrs2 −/− ) loxP-flanked Irs2 alleles (fIrs2-alleles) in the brain by intercrossing fIrs2 mice with nestin-cre transgenic mice (13) . Polymerase chain reaction (PCR) analysis confirmed that Irs2 RNA was retained in all tested tissues of the bIrs2 −/− mice except for the brain (Fig. 2A) . Quantitative reverse transcription PCR (RT-PCR) confirmed that Irs2 RNAwas reduced about 50% in bIrs2 +/− brains and more than 90% in bIrs2
brains compared with that of control fIrs2 mice ( Fig. 2A) . By contrast, Irs2 RNA increased in the pancreas of bIrs2 +/− and bIrs2 −/− mice, confirming that nestin-cre expression did not take place in pancreatic b cells (Fig. 2A) .
Crosses between bIrs2 +/− mice produced offspring at a normal frequency, whereas crosses between bIrs2 +/− and bIrs2 −/− mice produced fewer offspring; offspring were never produced by crossing bIrs2 −/− mice ( fig. S3A ). Old male and female bIrs2 −/− mice consumed the most food each day by comparison to the other mice (Fig. 2B) . However, by 22 months the bIrs2 +/− and bIrs2 −/− mice were about 10 g heavier than controls, owing in part to increased adiposity ( fig. S3, B and C) . The bIrs2 −/− mice were 10% longer, and their brains were 30% smaller than those of fIrs2 or bIrs2 +/− mice ( fig. S3, D and E) . These results support previous conclusions that brain Irs2 signaling promotes embryonic brain growth, central nutrient homeostasis, melanocortin 4 receptor signaling (body length), and fertility (13, (16) (17) (18) .
Control fIrs2 mice developed insulin resistance between 2 and 22 months of age (Fig. 2C) . Unlike old Irs2 +/− mice (Fig. 1) , old bIrs2 +/− mice and young and old bIrs2 −/− mice were insulin resistant (Fig. 2C) . All the insulin-resistant mice displayed mild glucose intolerance (Fig.  2D) . However, diabetes did not develop in these mice because insulin concentrations increased to compensate for peripheral resistance, reaching the highest amount in old male bIrs2 +/− and bIrs2 −/− mice (Fig. 2E) . Consistent with the observed hyperinsulinemia, pancreatic islets were larger in old male bIrs2 +/− and bIrs2 −/− mice than in old controls (Fig. 2F) .
Next, we compared the life spans of fIrs2, bIrs2
, and bIrs2 −/− mice by using semiparametric (Cox) and parametric regression to control for the covariates (table S2) . Although bIrs2 +/− and bIrs2 −/− mice displayed metabolic changes usually associated with a shorter life span, their risk of death determined by Cox regression was significantly reduced compared with that of controls (for bIrs2 +/− , a 14-fold reduction, P < 10
, a sixfold reduction, P < 10 , median = 901 days and 95% CI 888 to 919); the maximum life spans (90th percentile) increased similarly (Fig. 3A and table S4 ).
To determine whether brain Irs2 affects systemic metabolism, we studied young and old mice in a comprehensive lab animal monitoring system (CLAMS). Young control (fIrs2) mice were more active and consumed more oxygen than did young bIrs2 +/− or bIrs2 −/− mice (Fig. 3, B and C) . Oxygen consumption by old fIrs2 and bIrs2 +/− mice declined to the same amount, whereas the bIrs2 −/− mice consumed slightly less oxygen (Fig.  3B ). All the mice were less active at 22 months; however, the old bIrs2 +/− and bIrs2 −/− mice were about twice as active as the old controls (Fig. 3C) .
Next we determined the respiratory quotient (R q = VCO 2 /VO 2 , where V is volume) to estimate the daily transition between fat (R q = 0.7) and carbohydrate (R q = 1) oxidation (19) . The R q for (Fig. 3D) . By contrast, old fIrs2 mice lost the diurnal rhythm; the R q was indistinguishable between light and dark cycles (Fig. 3D) . However, the R q for old bIrs2 +/− and bIrs2 −/− mice increased significantly during the dark cycle, revealing a more youthful transition between fat and carbohydrate oxidation (Fig.  3D) . Indeed, healthy long-lived humans also display a higher R q that is closer to the value of healthy middle-aged adults (20) .
Oxidative stress is associated with a reduced life span, and many enzymes protect cells from oxidative stress, especially superoxide dismutase (Sod) (3, 4, 21) . In mice, FoxO1 promotes the expression of Sod2, so we investigated whether reduced neuronal Irs2 might help maintain brain Sod2 concentrations during feeding. Sod2 and FoxO1 protein was measured by immunoblotting hypothalamic lysates from young and old mice before and 2 hours after feeding (Fig. 4A) . The Sod2 concentrations were not changed by feeding the young mice; however, Sod2 decreased at least 50% in the old fed control mice (Fig. 4, A  and B) . By contrast, Sod2 was not reduced by feeding old bIrs2
+/− and bIrs2 −/− mice (Fig. 4, A  and B) . A similar pattern was observed for FoxO1 levels in young and old hypothalamic tissues (Fig. 4, A and C) . Thus, hypothalamic Sod2 reveals a more youthful response to feeding in mice with reduced brain Irs2.
Together, our results show that reduced Irs2 signaling in all tissues (Irs2 (table S4) . Some studies show that calorie restriction, reduced body size, and increased peripheral insulin sensitivity extend mammalian life span (5, 22) . However, our long-lived mice are slightly larger and consume about the same or slightly more food than the short-lived controls. Indeed, longlived systemic Irs2 +/− mice are more insulin sensitive and glucose tolerant than WT mice; however, long-lived brain-specific bIrs2 +/− and bIrs2 −/− mice are insulin resistant, hyperinsulinemic, and glucose intolerant. The mechanism responsible for this disparity is unknown. Regardless, our results point to the brain as the site where reduced insulin-like signaling can have a consistent effect to extend mammalian life span-as it does in C. elegans and D. melanogaster (1, 3).
As mammals age, compensatory hyperinsulinemia usually develops to maintain glucose homeostasis and prevent the progression toward life-threatening type 2 diabetes (6); however, increased circulating insulin might have negative effects on the brain that can reduce life span (4, 21, 23) . By directly attenuating brain Irs2 signaling, an aging brain can be shielded from the negative effects of hyperinsulinemia that ordinarily develop with overweight and advancing age. Consistent with this hypothesis, moderate daily exercise, calorie restriction, and weight losswhich reduce circulating insulin-might increase life span by attenuating Irs2 signaling in the brain. Other strategies that improve peripheral insulin sensitivity, such as reduced growth hormone signaling, could have the same effect (5). Indeed, human centenarians display increased peripheral insulin sensitivity and reduced circulating insulin concentrations (23) . Hence, we suggest that the Irs2 signaling cascade in the brain integrates the effects of peripheral nutrient homeostasis with life span.
